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Abstract: We analyze the time evolution of a spherically-symmetric collapsing matter from the point of view that black holes evaporate by nature.
We obtain a self-consistent solution of the semi-classical Einstein equation. The solution indicates that the collapsing matter forms a dense object
and evaporates without horizon or singularity, and it has a surface but looks like an ordinary black hole from the outside. Any object we recognize
as a black hole should be such an object. In the case of stationary black holes that are formed adiabatically in the heat bath, the area law is
reproduced by integrating the entropy density over the interior volume. This result implies that the information is stored inside the object.
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Motivation

* Black holes evaporate.

N ol
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* Whatis the black hole in quantum mechanics?
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* Whatis the black hole in quantum mechanics?

= Reconsider the time evolution of a 4D spherically-
symmetric collapsing matter.

- What happens?

Horizon is formed or not?
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Motivation
* Black holes evaporate.
S P

¥ %

* Whatis the black hole in quantum mechanics?

= Reconsider the time evolution of a 4D spherically-
symmetric collapsing matter.

N 7
- What happens?

Horizon is formed or not?

4 N

' Generically, particle creation occurs in a time-dependent metric. i
|

' = We need to include the back reaction of evaporation in the formation process. |

= Our basic idea by 3 steps (self-consistent)
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Basic idea: step1

Imagine that a spherically-symmetric BH is evaporating.

Hawking radiation

B

Pirsa: 17110092 Page 7/37



Basic idea: step1

Imagine that a spherically-symmetric BH is evaporating.
Add a spherical thin shell (or a particle) to it.

Hawking radiation

particle spherical thin shell
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Basic idea: step1

Imagine that a spherically-symmetric BH is evaporating.
Add a spherical thin shell (or a particle) to it.

Hawking radiation

particle spherical thin shell

What happens if both dynamics of the matter and spacetime is
considered?
=The shell will never reach “the horizon”.
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The shell never crosses “the horizon”.

r
A Hawking radiation }
a(t) =2GM((t) ~ ~
TN
N\
\
8 )t

~
>

Atjife~a’ /o
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The shell never crosses “the horizon”.

r
A Hawking radiation - Background = time-dependent Schwarzschild metric
a(t) a(t)\
/// ds? = - l—— dt? + l—— dr2+r2d.02
r
d (t) o & Stephan-Bol |
_____ —alt) = — - tephan-Boltzmann law
T -~ 1 a(t)? e B
(I(f) = 2GM(t) B W
~ (R ea  E |
N ! a=2GM |
\ Br po I B
R  intensity: 0 = 0(1)~AGN

A

> s N=d.of. of fields) |
At“fe"’a:;/tf BT L ( .................................. |
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The shell never crosses “the horizon”.

[
A Hawking radiation - Background = time-dependent Schwarzschild metric
a(t) a(t))
/// ds? = - l—— dt? + 1—— dr2+r2d!}!2
¥
d 20
_____ — (1(5) - — — & Stephan-Boltzmann law
e - l a(t)? ep o B
a(t) — ZFM(E) "'\ S 4ra
~ F T R T |
N ! a=2GM |
it  intensity: 0 = 0(1)~AGN

A

> s N=d.of. of fields) |
Atjire~a’ /o e bt |
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The shell never crosses “the horizon™.

Hawking radiation - Background = time-dependent Schwarzschild metric
75(6) a(t) a(t)
/// ‘“2 - (1-52)aer+ (1‘—) ol il
e ( ) o & Stephan-Bol I
—a(t) = — - tephan-Boltzmann law
—————— 2
Bl =26ME) TN, i o b i T~ s
a=2GM

intensity: ¢ = 0(1)~hAGN

s N=d.of. of fields) |
Atjire~a’ /o HL B bt i |

A
v

For ry~a, a particle with any (I, m) behaves lightlike:

drs(t) rs(t) —a(t)

g v
da(t) .
= 1,(t) = a(t) — a(t)- e + Ca(t)e ¢©®©
a Sére,
270 “”’f’b%
et + *rescr,

= Any particle will approach a(t) + %
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The shell never crosses “the horizon”.

( ) Hawking radiation - Background = time-dependent Schwarzschild metric
~ a(t) a(t)
ds? = —(1 ——)dH +(1—— dr? + r?dn?
r r
""""" d ( ) el &Stephan-Bol [
______ —a(t) = — - tephan-Boltzmann law

i (I(r) Of TH e 4:“

: a=2GM ,

> t  intensity: g = O(1)~hGN |

A
v

(N=d.o.f. of fields)

For r;~a, a particle with any (I, m) behaves lightlike:
drs(t) i rs(t) — a(t)
dt rs(t) .

= () = a() - a@®) 220

t ot
— + Ca(t)e o)

(lt 5*5?“
270 Ccp (}f.b'?t
e “reacr,
At~a(t)
= Any particle will approach a(t) + 7(:)
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The shell never crosses “the horizon”.

. Hawking radiation - Background = time-dependent Schwarzschild metric
re(t T
_ a(t) a(t)
ast==(1-22)arr + (1-52) ar 4 rian?
r
.......... d (t) <0 &Stephan-Bol |
______ —a(t) = — - tephan-Boltzmann law
dt a(t)? of Ty =
: a=2G6M ,
> t  intensity: o = 0(1)~hGN g

(N=d.o.f. of fields)

_____________________________________________

if there are many d.o.f. of fields:
N > 1.
| =The shell is physically outside the “BH”.

(Note: The (t,r)-coordinates will be complete to describe the
= whole space time.)
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Basic idea: step?2

The shell itself starts to emit radiation.

shell
AM

radiation

(radiation from the shell with AM)
+(redshift factor) (radiation from the core BH with M)
= (radiation from a BH with M + AM)
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collapsing matter

Basic idea: step3

(not BH) e
AT In the local time t
AN Wy ry (t")
SN Y
|'-' . __| I
\.\' [ (| -l' :
Regard this Apply the previous result
as many shells. to each shell recursively.
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s Basic idea: step3

(not BH) S
N\ o In the local time t
_7’,.1' 1 R !_L‘r,(f,,)
"W\ ‘ Mo da' 20
l "I'}‘ l | _____ df’ ? ;
i 4 | I | e Prol
Regard this Apply the previous result

as many shells. to each shell recursively.

1

They look similar
from the outside.

20
r=a-<+ ? ; :
There is not a horizon but a surface. Any object we recognize as a BH

should be such an object.

V
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Penrose diagram

Hawking-like
radiation
gquantum BH

a’ /
At~ —1|
g il
—
Ar~a

collapsing
matter
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Our strategy: self-consistent eq.

the self-consistent eq.

¢= quantum matter fields

A// qud)! =0
v (Tuv)
/ =collapsing matter
9uv= a classical field + Hawking radiation

Page 20/37



How to obtain the solution?

We assume spherical symmetry.

Step2: Evaluate (7,,,) on g,,,
by V“('l],v)/: 0 and 4D Weyl anomaly.

S
/__,GW =\87TG(TW)

the self-consistent eq.

Stepl: Construct a candidate Step3: Put this and
metric g,,,, by a simple model. determine the self-consistent g,,,.

Pirsa: 17110092 Page 21/37



Step1: Construction of a candidate g,,, (1/3)

A multi-shell model

Consider a continuous
spherical matter.

= Model this

as many null shells.
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Step1: Construction of a candidate g,,, (1/3)
A multi-shell model

Consider a continuous
spherical matter.

= Model this

as many null shells. (

¢T

Vaidya metric ~ time-dependent Schwarzschild metric
with outgoing null energy flow, G,,, = —a/r?

r—a(u) . e
- ( )duz — 2dudr + r?dQ0?

r—a;(u - :
¢d uf — 2dugdr 4+ r2d0?
=

r—a;_q(u;_ - e
i-1(t l)duf_l—2(!Lf,;,dr+r’“d£l“

r

flat ]‘ ds§ = —dU? — 2dUdr + r?dQ?
>
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Step1: Construction of a candidate g,,,, (2/3):
Self-consistent ansatz

Ansatz:

Each shell behaves like the ordinary evaporating BH:
da[- i g
diy, @&

L
and that each shell has already come close to

= After taking continuum limit (Aaq; = a; — a;—, = 0), we obtain....
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Step1: Construction of a candidate g, (3/3):
the metric

( _
a(u ) s
- (1 - (r )) du? — 2dudr + r*dn? &time-dep
ds? = «
2a 14 (R(aw)*~r2) ; 2 _ 5 —2-(R(aw)*~r?) R .
L duc — 2e 4o\"\V /dudr + r<d“ <static
&

Here
da(u) . e
a0 a(u)?’ s} =a = a Note: At this stage,
o is not determined.
r = R(a(u))

15

No horizon or trapped region
=(u,r) coord. is complete.

A
v

Au.”fg"‘(l:;/ﬂ‘
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Step1: Construction of a candidate g, (3/3):
the metric

( _
a(u ; -
- (1 i )) du? — 2dudr + r*dn? &time-dep
ds? =«
im 1 (R(aw) -r2) ; 2 _ o - 1 (R(a@)®~r?) 2 a0 :
T duc — 2e 4o e /dudr + r<d* <static
R T

Here
da(u) o . 2o
R a(u)?’ Ria) = @ Note: At this stage,
o is not determined.
r = R(a(u))
r

No horizon or trapped region
=(u,r) coord. is complete.

A
v

Au.”fg~a3/cr
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Step1: Construction of a candidate g, (3/3):
the metric

( _
a(u) : S
- (1 —— )du"' — 2dudr + r%dnN? &time-dep
ds* = { : r

20 _1(n( R 3 , L0 e 2 , : .
= 26(R(@0) ~7%) g2 _ 20-76(RAW) ~72) g 4 12402 ¢static
\ ! Large redshif

—>The interior is frozen.

Here
da(u) ... %
o a(u)?’ R(a) =a & a Note: At this stage,
o is not determined.
r = R(a(u))

__________
’ - -
- “a

No horizon or trapped region
=(u,r) coord. is complete.

-
——————————

u Each shell
Aujife~a’ /o keeps falling.

A
v
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Step2: Evaluation of (T,,) (1/3):

Consider the interior region. SetuD
The background metric is static:
20_ TZ r2
ds? = —-—-—e20'dU2 — 2etadUdr + r*d0*

eq’("(U audv + r(U,V)%d0?,

=:>(T

v also should be static:

<Tuv> — (Tyv (T)), (TUU) o (TVV)
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Step2: Evaluation of (T,,) (1/3):

Consider the interior region. SetuD
The background metric is static:
2 1° =
ds* = —-—-eZGdU — 2etadUdr + r*d0*

eW(U auav + r(U,V)%d0?,

=(T,, ) also should be static:
(Tuv> = (Tyv (r)), (Tyy) = (Tyy)

Physical origin of (7},,,) # 0

=Use of Vaidya metric (only G,,, # O)means |
(Tyy) =0,
we have to determine only
(Tyu),  (T§)

(=We can remove this artificial assumption and generalize it to (Ty;y) # 0.)
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Step2: Evaluation of (7,,) (2/3):
o The relations of (7,,,)
(T;) = 29"V (Tyy) + Z(Tg) leads to
e =5

All components are
expressed in terms of (7).

*2nd eq.
VA(T,u) =0 (& V¢ = 0) provides

1 i ! ;
ré(Tyy) = —f dr'r'e®(" )<T§ (T'f)> + [r*(Tyy)lr=0
0 N

2
r 4 Z
1 surface at .
D r=R(a(u)) ‘ Boundary condition:
I/ _=const. 1' (Y}tv(r - O)) =0

'\ | («initial condition that the system
U ‘ started from the collapsing matter.)

< U =const. :

flat >
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Step2: Evaluation of (7,,,) (3/3):
4D Weyl anomaly

For simplicity, consider conformal matters.
=>(T‘Lf‘) is determined by the 4D Weyl anomaly:
(71?) = flCWT s flawg &state-independent

where
F = CuvagC* ™, @ = RyyogR**F — 4R, ,R* + R?

=The metric determines

hc
T =352
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Step3: Check of G,, = 8nG(T,,) (1/2):
The g, is the self- con3|stent solution.

Thus , we have obtained

hc hc  BE
(Tg) = 6_01? (Tyy) = (Tyy) = SrW e (Tyy) =0
On the other hand, the metric gives
8 1 & I :
Gg = Gyy = Gyy = — ez“ ) Gyy =0

20’ r4

=G,y = 8nG(Tw) is satisfied if we identify
8mGh
g = Cy. € Hawking radiation o« ¢y
g da(u) o
du  a(u)?
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Consistency check (1/2)
Energy condition of (7,,)

R(a)
- a
4 j dr rz(—(Tf)_) ~ e M

~Vewlp \

Tt 1 TT
The dominant energy
condition (p = p; > 0) /A 37 Not a fluid
is broken.

‘ 1 3
ay
(Tg) = 8nG 16mcy, L]

A large angular pressure supports the object,
which is consistent with the anomaly.
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Consistency check (2/2):
Hawking radiation

 Hawking radiation appears self-consistently:

By a similar manner to Hawking’s derivation, we
can show

(0|N,|0) = = T = i
@WI™h T ehw/T — 1’  4ma(u)

[ 3

da(u) o

du a(u)?
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Information recovery and BH entropy

The matter and radiation interact inside the BH.

2d scattering model

Natter i

‘ radiation \/1
t

Atgcqr ~ alog

a

~ scrambling time
Acy L,

=information recovery (state-dependence)?
a precise analysis of echo signal?
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Information recovery and BH entropy

The matter and radiation interact inside the BH.

2d scattering model

\atter i i
radiation \/1/

a

Atscat et | log ~ scrambling time

Acyl,
=information recovery (state-dependence)?
a precise analysis of echo signal?

Reproduce area law by integrating entropy density s over volume:

A
= [ate =
4]

=The information should be stored inside the BH!
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Summary

Quantum BHs are described by field
theory G, = 8nG(T},, ) with ¢y, > 1.

p
a(u) _ :
- (1 g )duz — 2dudr + r?dn?
ds® =+ : : ’ 1 :
0 _ (R(a(u)) -r?2 : ; o { R{a(u)) —r* : :
it J( (2G) )riuZ — 2e 40(14) ’( (a@) -)dmir' + r4dn?
\ i ‘LNOn.
Perty,.
da(u) o) 8mGhcy, . SOlutig,,
Hawking-like
The surface exists at quantum BH
R(a() = a(w) +—
a(u)) = a(u
/ \ a(u) At"‘?ll‘
Generalization to (T ) # 0 Ar~a | collapsing
scattering phenomeno!ogical eq matter
(Tyy) = [(Tyy)
f(t,r)=0(1) No horizon or singularity
> U
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